INTRODUCTION
The heterogeneity of both symptoms and underlying pathophysiology confounds the development of targeted treatments for major depressive disorder (MDD). 1 Therefore, the discovery of biomarkers that characterize more homogeneous subgroups of patients with MDD is critical to our understanding of its pathogenesis and to the development of personalized therapies. 1, 2 Chronic inflammation is involved in the etiology of heart disease, stroke, cancer and diabetes, 3, 4 and is thought to play a role in the etiology of MDD for some individuals. 5 Preclinical work has established that fatigue, anorexia, sleep disturbance and anhedonia are part of the behavioral component of a systemic inflammatory response. 5 Inflammation may cause glucocorticoid insensitivity as well as shunting of tryptophan away from monoamine production and toward production of kynurenine and its metabolites, 6,7 thus decreasing the synthesis of monoamine neurotransmitters, while disrupting brain glutamatergic systems. [8] [9] [10] Epidemiological studies demonstrate that MDD is associated with a greater prevalence of elevated markers of inflammation. 11 Conversely, interferon-α therapy-induced MDD can be successfully prevented by prophylactic antidepressant medications or pretreatment with the omega-3 polyunsaturated fatty acid (n-3 PUFA) eicosapentaenoic acid (EPA). 12, 13 In a clinical trial of subjects with treatment-resistant MDD, those with high-sensitivity C-reactive protein (hs-CRP) levels 45 had a positive response to therapy with infliximab, an anti-tumor necrosis factor-α antibody. 14 The epidemiological literature suggests that individuals who eat diets rich in n-3 PUFA have less cardiovascular disease and a decreased incidence of mood disorders. 15, 16 This led to the investigation of n-3 PUFA supplementation for a heterogeneous group of medical and psychiatric disorders. 17, 18 Clinical studies investigating the efficacy of EPA, docosahexaenoic acid (DHA) and a combination of EPA+DHA as augmenting agents suggest that EPA-enriched supplementation of antidepressant medications is associated with a greater improvement in depression ratings than placebo augmentation. [19] [20] [21] The few trials of EPA or DHA monotherapy for the treatment of MDD have found inconsistent benefits for n-3 therapy. [21] [22] [23] We completed the first double-blind randomized monotherapy trial of EPA vs DHA vs placebo treatment of MDD; the effect sizes (ESs) were − 0.179 for EPA vs placebo and − 0.228 vs DHA and +0.049 for DHA vs placebo (Mischoulon et al. 24 ). This finding agrees with the reviews and meta-analyses that suggest EPA or EPA+DHA (but not DHA alone) have a small ES advantage over placebo. [25] [26] [27] In addition, in two independent re-analyses of the Bloch and Hannestad metaanalyses, Martins et al. report an adjusted ES of 0.468 for studies with ⩾ 60% EPA, while Lin et al. reported an ES of 0.58 for these studies. 28, 29 One postulate that reconciles the disparate data about n-3 therapy for MDD is that only a subset of patients with MDD benefit from n-3 treatment. EPA and its metabolites are important for an array of biological functions, including competing with the n-6 fatty acid metabolite arachidonic acid to shift synthesis away from inflammatory eicosanoids and toward the production of anti-inflammatory eicosanoids. 30, 31 Based on the evidence that some patients with MDD have increased inflammatory markers, and data suggesting that increasing n-3 intake shifts eicosanoid metabolism toward production of anti-inflammatory substances, we hypothesized that PUFA monotherapy would be more effective than placebo for patients with MDD who manifest elevated markers of inflammation. We further postulated that the response to EPA would be enhanced for a more homogenous subset of patients characterized by elevated inflammatory markers.
MATERIALS AND METHODS
This collaborative R01 was based at Massachusetts General Hospital (MGH) and Cedars-Sinai Medical Center (CSMC), and approved by their institutional review boards. All subjects reviewed and signed an informed consent form.
We recruited 389 outpatients with MDD, ages 18-80, from 18 May 2006 to 30 June 2011 through advertisements and outpatient referrals. Inclusion criteria were a diagnosis of MDD according to the Structured Clinical Interview for Diagnostic and Statistical Manual of Mental Disorders, 4th Edition (DSM-IV) Axis I Disorders, Patient Edition (SCID I/P), 32 a Clinical Global Impressions-Severity score ⩾ 3 and a baseline 17-item Hamilton Depression Rating Scale (HAM-D-17 33 score ⩾ 15; Figure 1 ). Exclusion criteria included: pregnancy or women of child bearing potential who were not using contraception; suicidality; homicidality; unstable medical illness; history of organic mental disorders, substance use disorders, psychotic disorders or bipolar disorder; allergy to the study compounds; concurrent use of psychotropic medications, systemic corticosteroids, steroid antagonists, anticoagulants or immunosuppressant agents; electroconvulsive therapy (ECT) during the current episode; any trial of ⩾ 6 weeks with citalopram 40 mg day − 1 or equivalent antidepressant during the current episode; history of n-3 PUFA supplement use; an average daily intake of ⩾ 3.0 g of total n-3 between screening and baseline visit per the Food Processor 7.8 questionnaire (ESHA Research, Salem, OR, USA); psychotherapy; smoking 410 cigarettes per day; and vitamin E supplementation or regular non-steroidal anti-inflammatory use.
Subjects were randomized in a double-blind 1:1:1 manner to two capsules of EPA-enriched mix (ProEPA Xtra, 530-mg EPA/130-mg DHA per soft gel) and two placebo capsules, four capsules of DHA-enriched mix (ProDHA, 225-mg DHA/45-mg EPA per soft gel) or four placebo (1000-mg soybean oil) capsules per day for 8 weeks (Nordic Naturals, Watsonville, CA, USA).
Subjects were evaluated every 2 weeks for 8 weeks. The primary clinical outcome measure was decrease in the HAM-D-17 score. Missing any of 5 baseline inflammatory biomarkers (n=7)
Depression, inflammation and omega-3 fatty acids MH Rapaport et al The baseline body mass index (BMI) formula employed was: BMI = pounds × 703.06942/inches 2 . We used the standard conventions for defining BMI categories: o 18.50 = underweight; 18.50 to o25.00 = normal weight; 25.00 to o30.00 = overweight; and ⩾ 30.00 = obese.
Biological measures and assay methodology
Blood samples for biomarkers were drawn at baseline. Plasma interleukin (IL)-1ra concentrations were determined using an enzyme-linked immunosorbent assay (ELISA) from R&D Systems (Minneapolis, MN, USA). Intraand inter-assay coefficients of variation for the IL-1ra ELISAs were 3.9 and 5.1%, respectively. Plasma concentrations of IL-6 were measured using a high-sensitivity ELISA from R&D Systems. Intra-and inter-assay coefficients of variation for the IL-6 ELISAs were 7.0 and 9.9%, respectively. Plasma hs-CRP concentrations were assessed using an immunoturbidimetric assay kit from Sekisui Diagnostics (Framingham, MA, USA). Intra-and inter-assay coefficients of variation for the hs-CRP assays were 4.4 and 5.5%, respectively. Plasma concentrations of leptin and adiponectin were measured using separate ELISAs from R&D Systems. Intra-and interassay coefficients of variation for the leptin ELISAs were 6.6 and 8.9%, respectively, and 5.2 and 8.7%, respectively for the adiponectin ELISAs.
Statistical analyses
This investigation of high inflammation as a moderator of efficacy of the primary efficacy outcome measure, HAM-D-17 score, was based on a modified intent-to-treat sample of 155 evaluable subjects with data on all five inflammatory biomarkers at baseline and at least one post-baseline visit (for HAM-D-17). Baseline comparisons across treatment groups were made by analysis of variance for continuous measures and chi-square tests for categorical variables. All five inflammatory biomarkers had highly skewed distributions, even after log transformation, so distributions of biomarker values are presented as quartile values and ranges. Spearman's rank correlations were used to describe their interrelationship.
Since conventions are not established for plasma levels of inflammatory biomarkers except hs-CRP, and values of all biomarkers were highly skewed, 'high' levels of inflammation were defined based on inflection points in stem-and-leaf plots of baseline values for all subjects entering the study. By using this method, 'high' inflammation was defined as 41.92 pg ml − 1 for IL-6 and 4500 pg ml − 1 for IL-1ra, along with 43.0 mg l − 1 for hs-CRP which agrees with the Centers for Disease Control and Prevention (CDC) and American Heart Association convention. 34 'High' inflammation for cut points on leptin and adiponectin were based on separate stem-and-leaf plots for males and females, since leptin and adiponectin levels differ substantially by sex. 35, 36 The definition of 'high' inflammation for leptin was ⩾ 250 mg l − 1 for females and ⩾ 70 mg l − 1 for males, while high inflammation on adiponectin (primarily a biomarker of anti-inflammatory activity) was o80 mg l − 1 for females and o60 mg l
for males. In this paper, subjects in the 'not high' group will be referred to as being 'low'. Mixed model repeated measures (MMRM) analysis was carried out to examine the effect of treatment group on changes in HAM-D-17 scores from baseline to treatment week 8. Models included subjects as a random effect and treatment group, treatment week and their interaction as fixed effects. Baseline HAM-D-17 scores were included as a covariate. Since these analyses demonstrated similar results for DHA and placebo, we focused further analysis on inflammatory moderators of EPA vs placebo response. MMRM was used to test EPA vs placebo treatment effect based on each of the five biomarkers individually, and to examine whether the EPA vs placebo separation was increased by any combination of two markers. MMRM was performed to test 'high' vs 'low' levels of individual biomarkers within EPA and placebo groups; to explore whether being 'high' on particular biomarkers was responsible for EPA response or placebo nonresponse. An autoregressive covariance structure was used for MMRM because it provided the best fit for the data. In light of the small numbers of cases available for comparisons of subgroups, our outcome of interest was standardized treatment ES for change in HAM-D-17 from baseline to week 8 (defined as the difference in least-square mean change divided by the pooled s.d. of change), rather than the significance of differences in slopes over the entire treatment period.
Treatment response was defined as an improvement of ⩾ 50% in HAM-D-17 score from baseline and remission was defined as a HAM-D-17 score ⩽ 7. Comparisons of response and remission rates at subjects' last study visit were computed across treatment groups using an extension of Fisher's exact test 37 for the modified intent-to-treat sample and for study completers.
All statistical analyses were carried out using SAS 8.2 software (SAS Institute, Cary, NC, USA 2001). A two-tailed alpha level of 0.05 was used to determine statistical significance, uncorrected for multiple comparisons as is appropriate for preliminary analyses. 37 Analyses were performed based on blind treatment codes.
RESULTS
Baseline characteristics of the sample are shown in Table 1 . The three treatment groups did not differ on demographic variables, clinical characteristics, BMI or prevalence of high levels of . Resulting BMI o18.50 = underweight; 18.50 to o 25.00 = normal weight; 25.00 to o30.00 = overweight; and ⩾ 30 = obese. Because of the small number of underweight subjects (N = 6), this group was combined with the normal-weight BMI category for analyses. Height and weight data are missing for N = 11 subjects (5 females and 6 males).
b High inflammation status for hs-CRP was based on conventionally defined level. 34 c High inflammation cut points for biomarkers other than hs-CRP were based on inflection points in stem-and-leaf plots, such that 'high' inflammation included the skewed end of the distribution of values.
d Levels of leptin and adiponectin vary greatly by sex, so distribution data are shown separately for females and males, and thresholds for defining high inflammation were determined separately by sex.
e Low values on adiponectin indicate high inflammation. f All N = 155 subjects with all five inflammatory biomarkers present at baseline, including 11 subjects missing BMI.
Depression Degrees of freedom were determined using the Satterthwaite approximation method.
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The prevalence of 'high' inflammation in the total sample ranged from 24% for hs-CRP to 43% for adiponectin (Table 1) , with rates varying by BMI and sex. In obese subjects, the prevalence of 'high' inflammatory markers ranged from 48% for hs-CRP to 73% for leptin. Approximately, 90% of obese subjects had at least one biomarker in the high range. Obese women had a greater prevalence of high hs-CRP, IL-6 and IL-1ra biomarkers than obese men, and were more than twice as likely to have 4-5 biomarkers of high inflammation than obese men. Spearman's correlation scores among the biomarkers were higher for female than for male subjects (Supplementary Table 2) .
Classifying the treatment sample by the number of 'high' biomarkers of inflammation led to important observations about treatment response (Table 2) . Although overall treatment group differences for the entire sample were negligible (ES = − 0.13 to +0.04), subjects with one or more 'high' biomarker of inflammation improved more on EPA than placebo (ES = − 0.39) or DHA (ES = − 0.60) and less on DHA than placebo (ES = +0.21). Subjects randomized to EPA treatment with one or more 'high' biomarkers consistently had a 411-point decrease in HAM-D-17 scores by treatment week 8, while subjects randomized to placebo treatment were progressively less responsive as the number of high biomarkers of inflammation increased, resulting in an increasing EPA-placebo gradient of separation (from ES = − 0.20 associated with one marker of 'high' inflammation, to ES = − 0.59 for 2-3 'high' markers, to ES = − 1.10 for the subjects with 4-5 markers of 'high' inflammation). Conversely, subjects without any 'high' marker of inflammation were less responsive to EPA than to placebo or DHA (ES = +0.91). Most placebo-responding subjects fell into this low inflammation group (Supplementary Table 3 ). Remission and response rates were consistent with our continuous data: among subjects with 4-5 markers of 'high' inflammation, remission rates were 40% for EPA, 14% for DHA and 25% for placebo, while remission rates for subjects without any markers of 'high' inflammation were: 19% for EPA, 43% for DHA and 44% for placebo. Response rates followed a similar pattern. Inflammatory biomarkers did not consistently differentiate DHA from placebo in any analysis. Table 3 indicates a benefit to employing a combination of biomarkers to define the 'high' inflammation group. EPA vs placebo ESs for subjects with high inflammation on individual biomarkers ranged from − 0.368 to − 0.775. By contrast, EPA vs placebo ESs for subjects with 'high' inflammatory status on 5 of the 10 possible pairs of biomarkers were − 0.924 or higher. Three pairs (hs-CRP plus IL-6, hs-CRP plus adiponectin and IL-6 plus leptin) had ESs between − 1.297 and − 1.718 Table 4 describes the impact of 'high' vs 'low' levels of individual inflammatory biomarkers on treatment response for the EPA and placebo groups. Subjects treated with EPA who were categorized as 'high' on hs-CRP, IL-1ra or 'low' on adiponectin demonstrated a moderate ES for differences in HAM-D-17 score improvement compared to subjects who were 'low' on these biomarkers. For placebo-treated subjects (bottom of Table 4), being classified as 'high' for hs-CRP or IL-6 (moderate ES difference) or leptin (large ES difference) was associated with a decreased response to placebo when compared to subjects who were classified as being low on hs-CRP, IL-6 or leptin.
DISCUSSION
In this proof-of-concept study, we identified an EPA-responsive subgroup of subjects with MDD, based on biomarkers of a HAM-D-17 was administered at baseline and at 2-week intervals during the 8-week study. MMRM analyses were performed on change from baseline to week 8 for subsets of (N = 155) evaluable subjects with all five biomarkers present at baseline, testing the significance of effects of treatment, time and treatment-by-time interaction, covarying for the baseline HAM-D-17 score. inflammation. Subjects identified as being 'high' on any of the five biomarkers that we measured were more likely to respond to EPA than placebo (Table 3) . Individuals categorized as high on two or more biomarkers of inflammation demonstrated even greater EPA-placebo separation of HAM-D-17 scores (Tables 2 and 3 ). To explore the reasons for this EPA-placebo separation we asked two questions:
1 Are elevations in specific biomarkers associated with a greater likelihood of response to EPA? 2 Are elevations in specific biomarkers associated with less response to placebo? We demonstrate that subjects categorized as 'high' on IL-1ra or hs-CRP or 'low' on adiponectin (which reflects high inflammation) have a greater decrease in HAM-D-17 scores in response to EPA than subjects categorized as having 'low' inflammation on these biomarkers (ES: − 0.667, − 0.497 and − 0.633, respectively; Table 4 ). Conversely, subjects categorized as 'high' on hs-CRP, IL-6 or leptin were less responsive to placebo than subjects categorized as 'low' on these biomarkers (ES: +0.458, +0.490 and +1.042, respectively). The latter observation extends a secondary analysis by Raison et al.
14 Our preliminary findings suggest that employing an inflammatory biomarker panel in future studies might identify a more homogenous group of subjects responsive to EPA and less responsive to placebo.
Our findings could explain contradictory data about the efficacy of n-3 therapy for subjects with MDD. [25] [26] [27] If EPA supplementation only benefits MDD subjects with inflammation as part of their syndrome, 38 then there can be only a small ES improvement in depression ratings associated with EPA therapy for a heterogeneous cohort of subjects with MDD, since it is ineffective for the majority of subjects randomized to EPA treatment. Furthermore, if the antidepressant mechanism of action for EPA is complementary to traditional antidepressant therapy, this would explain why there is increased therapeutic response associated with the combination therapy of traditional antidepressants with EPA.
A possible explanation for the greater effectiveness of EPA over DHA for individuals with high inflammation may be that these 2 n-3's differ in their influence on the inflammatory cascade. EPA, but not DHA, can decrease the production of arachidonic acid by inhibiting delta-5-desaturase activity, compete with AA as a substrate for phospholipase A2, and can be converted into antiinflammatory prostaglandins and leukotrienes, 39 thus explaining its potentially unique antidepressant properties when contrasted with DHA.
An intriguing finding was that EPA was less effective than placebo or DHA for subjects 'low' on all five biomarkers (Table 2 ). This agrees with Raison et al.
14 who reported that subjects with 'low' hs-CRP levels did worse with infliximab treatment than placebo. We believe that these results support the proposition that anti-inflammatory therapy is only beneficial as a treatment for inflammation-driven MDD and is ineffective and potentially harmful for individuals whose MDD is due to a different physiological disturbance. Such a postulate explains the Warner-Schmidt et al. 40 report that anti-inflammatory agents attenuated the biochemical and behavioral response to SSRIs in a mouse model of MDD and the behavioral response of SSRIs in humans. If one extends this postulate to antidepressant therapies in general, it explains why Gueorguieva et al. 41 observed that 24% of duloxetine-treated subjects became worse over the course of the duloxetine trials. These data highlight the need for targeted therapies to avoid ineffective treatment and unnecessary exposure to side effects.
Subjects' sex and weight strongly influenced biomarkers in this study. Since women have higher circulating levels of leptin and adiponectin than men, we analyzed our data separately for these biomarkers. 35, 36 Ninety-three percent of the obese women and 89.5% of the obese men had at least one high marker of inflammation, while 86% of the obese women and 74% of the obese men had two or more high markers of inflammation. (The adipokines were the most consistently positive markers of Depression, inflammation and omega-3 fatty acids MH Rapaport et al inflammation in this cohort). Obese women were more likely to have 4-5 elevated markers of inflammation than obese men (Table 1) . Less than a third of the obese men had elevations in hs-CRP, IL-6 or IL-1ra, while~60% or more of the obese women had elevations in these markers. In addition, the five biomarkers were more highly intercorrelated for female subjects than for male subjects (Supplementary Table 2 ). However, men and women did not differ in treatment-response patterns based on inflammatory biomarkers. Our findings are consistent with the literature suggesting that obesity is associated with chronic inflammation, and that a significant number of MDD patients with elevated biomarkers of inflammation are obese. [42] [43] [44] [45] Future studies should explore the relationship between weight, sex, biomarkers of inflammation and other variables of interest such as the hypothalamic-pituitary-adrenal (HPA) axis and gonadal hormones.
Our choice of IL-6, IL-1ra and hs-CRP as biomarkers of inflammation was based on a review of the psychiatric and autoimmune literature investigating inflammatory biomarkers, the stability of the biomarkers in plasma and the availability of reliable assay systems. We measured adipokines because:
1 there is a relationship between inflammation, MDD and obesity; 2 leptin stimulates the production of CRP and CRP binds and modifies the actions of leptin; 46, 3 leptin and adiponectin are complementary biomarkers of adipocyte function; and 4 at least with respect to metabolic function, adiponectin is a marker of anti-inflammatory activity. 35, 36 We thought it prudent to include at least one antiinflammatory marker in our panel. Each of the inflammatory biomarkers in this study played a role in enhancing response to EPA and/or decreasing response to placebo. Further investigation is needed to elucidate the complementary effects of these and other inflammatory biomarkers.
As with any proof-of-concept study, there are limitations. Despite a sample size of 155 subjects, the number of subjects with high biomarkers of inflammation is relatively small for a three-arm study. Our analysis of the relationship between the number and combinations of 'high' inflammatory markers and treatment response is exploratory and needs replication. However, our results strongly suggest that it is important for psychiatry to go beyond measuring a single marker of inflammation and assuming it is sufficient for determining the presence of an inflammatory process. Another unique characteristic of this study is that we employed stem-and-leaf plots to determine cutoff points for categorizing subjects as 'high' on an inflammatory marker. We did so because our biomarker data were not normally distributed and could not be transformed to meet assumptions for parametric analyses. Although one might criticize this approach as 'arbitrary', our cutoff point of 43 for hs-CRP determined by this method matches the established cutoff point for an elevated CRP by the CDC and American Heart Association. 34 Further investigations employing the cut points we have identified and similar assay methodology are warranted.
In conclusion, this proof-of-concept study employed biomarkers of inflammation to identify a subset of patients who were responsive to EPA monotherapy. We found that subjects with specific combinations of inflammatory markers were more likely to respond to EPA treatment and less likely to respond to placebo treatment. Our preliminary data agree with others who have suggested that obese subjects with MDD are more likely to have 'high' inflammatory biomarkers. In future studies, we hope to replicate our preliminary findings and extend them by investigating the influence of other important biological measures (for example, n-3/n-6 ratios, HPA and estrogen and other inflammatory markers) and clinical characteristics (for example, early life trauma and current life stress levels). Biologically classifying patients may pave the way for individualized depression treatment and may inform future study designs.
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